The lipid kinase phosphatidylinositol 4-kinase III alpha (PI4KIIIa) is an essential host factor of hepatitis C virus (HCV) replication. PI4KIIIa catalyzes the synthesis of phosphatidylinositol 4-phosphate (PI4P) accumulating in HCV replicating cells due to enzyme activation resulting from its interaction with nonstructural protein 5A (NS5A). This study describes the interaction between PI4KIIIa and NS5A and its mechanistic role in viral RNA replication. We mapped the NS5A sequence involved in PI4KIIIa interaction to the carboxyterminal end of domain 1 and identified a highly conserved PI4KIIIa functional interaction site (PFIS) encompassing seven amino acids, which are essential for viral RNA replication. Mutations within this region were also impaired in NS5A-PI4KIIIa binding, reduced PI4P levels and altered the morphology of viral replication sites, reminiscent to the phenotype observed by silencing of PI4KIIIa. Interestingly, abrogation of RNA replication caused by mutations in the PFIS correlated with increased levels of hyperphosphorylated NS5A (p58), indicating that PI4KIIIa affects the phosphorylation status of NS5A. RNAi-mediated knockdown of PI4KIIIa or pharmacological ablation of kinase activity led to a relative increase of p58. In contrast, overexpression of enzymatically active PI4KIIIa increased relative abundance of basally phosphorylated NS5A (p56). PI4KIIIa therefore regulates the phosphorylation status of NS5A and viral RNA replication by favoring p56 or repressing p58 synthesis. Replication deficiencies of PFIS mutants in NS5A could not be rescued by increasing PI4P levels, but by supplying functional NS5A, supporting an essential role of PI4KIIIa in HCV replication regulating NS5A phosphorylation, thereby modulating the morphology of viral replication sites. In conclusion, we demonstrate that PI4KIIIa activity affects the NS5A phosphorylation status. Our results highlight the importance of PI4KIIIa in the morphogenesis of viral replication sites and its regulation by facilitating p56 synthesis.
Introduction
Worldwide about 170 million people are chronically infected with hepatitis C virus (HCV), a positive-strand RNA virus belonging to the Flaviviridae family, frequently leading to severe liver disease. The viral genome encompasses 9.6 kb and encodes mainly for a polyprotein of about 3,000 amino acids in length, flanked by nontranslated regions, which is cleaved into ten mature proteins by cellular and viral proteases (reviewed in [1, 2] ): core, envelope glycoprotein 1 (E1) and E2, p7 and the six nonstructural (NS) proteins NS2, NS3, NS4A, NS4B, NS5A and NS5B. The structural proteins core, E1 and E2, which are the major constituents of the viral particle, p7, a presumed viroporin, and NS2, which is part of the protease mediating NS2/NS3 cleavage, are mainly involved in the generation of infectious virions, whereas NS3 to NS5B are required for RNA replication. NS3 comprises helicase and NTPase activities in the C-terminal part and an Nterminal protease, which is constitutively bound to its cofactor NS4A. NS4B plays a major role in inducing membrane alterations that are required for viral replication (reviewed in [3] ). NS5A is a phosphoprotein consisting of three subdomains with functions in viral RNA replication and virus assembly (reviewed in [4] ) and NS5B is the viral RNA-dependent RNA-polymerase (RdRP).
Viral RNA replication takes place in vesicular membrane alterations designated the membranous web (MW) [5, 6] . The morphology and biogenesis of the MW are still poorly understood, but it is believed that NS4B is the most important determinant, since sole expression of NS4B induces vesicular structures [6] . Models based on biochemical evidence and related viruses furthermore suggested that RNA synthesis takes place in membrane invaginations connected to the cytoplasm [7] [8] [9] . However, more recent results point to a far more complex morphology by showing that the MW mainly consists of double membrane vesicles (DMVs) and multimembrane vesicles (MMVs) [10, 11] , probably including autophagosomes [10, 12] , but it is currently not clear how these structures are topologically linked to RNA synthesis. The complexity of these membrane alterations, which are distinct from the vesicles induced by NS4B, suggests that the MW is generated by a concerted action of the nonstructural proteins and host factors. Indeed, NS5A and the cellular lipid kinase phosphatidylinositol 4-kinase type III alpha (PI4KIIIa) have recently been identified to contribute to the morphology and complexity of the MW [11] .
PI4KIIIa (PIK4CA, PI4KA) is an ER-resident enzyme of 230-240 kD in size converting phosphatidylinositol to phosphatidylinositol 4-phosphate (PI4P). In mammalian cells, the family of PI4-kinases comprises two types with two isoforms each (PI4KIIa, PI4KIIb, PI4KIIIa and PI4KIIIb) differing in subcellular localization and being responsible for the synthesis of distinct PI4P pools (reviewed in [13] ), in case of PI4KIIIa those in the ER, the plasma membrane [14] and parts of Golgi PI4P [15] . PI4P, besides being the precursor of other important phosphatidylinositides, is believed to play a role in trafficking by serving as a membrane code for vesicles and organelles and several proteins have been identified specifically binding to this lipid (reviewed in [16] ). PI4KIIIa has been identified as an essential host factor of HCV RNA replication by a number of studies [17] [18] [19] [20] [21] [22] [23] arguing for a pivotal role in viral RNA synthesis. An involvement of PI4KIIIb has been discussed as well, but might be restricted to genotype 1 and more pronounced for other steps of the viral replication cycle [20, [24] [25] [26] . Importantly, PI4KIIIb and PI4P are also intimately linked to replication of enteroviruses [22] , suggesting that dependence on PI metabolism and particularly PI4P is a common theme for many virus groups and opening the possibility to create broadly acting antivirals (reviewed in [27] ). Some inhibitors with specificity towards PI4KIIIa [15, 28] and PI4KIIIb [20] are available, however, since mice with conditional knockout of the PI4KIIIa gene developed lethal gastrointestinal disorders, severe side effects might be expected also for chemical inhibition of these enzymes in vivo, thereby restricting their use in humans [28] .
The mechanistic role of PI4KIIIa in the HCV replication cycle has been addressed by several studies [11, 24, 29] . Silencing of PI4KIIIa results in a ''clustered'' distribution of nonstructural proteins in IF, accompanied by an altered ultrastructure of the MW that contains smaller DMVs and lacks MMVs [11] . These changes in viral replication sites have been attributed to elevated PI4P levels correlating with an altered localization of PI4P observed in the presence of HCV nonstructural proteins in cell culture and in vivo. PI4KIIIa directly interacts with NS5A and NS5B and in vitro assays suggested that lipid kinase activity is stimulated by NS5A [11, 29] . Recently, it was furthermore shown that HCV not only activates the kinase in cell culture, but also causes a depletion of PI4P in the plasma membrane, arguing for a general reorganization of cellular PI4P metabolism induced by the virus [15] . However, the molecular mechanism of PI4KIIIa activation and PI4P redistribution have not been clarified yet and it is unclear how these changes impact on MW morphology and what the precise role of NS5A is in this process.
NS5A consists of three domains (D1, 2 and 3) separated by two low complexity sequences (LCS I and LCS II) [30] and an Nterminal amphipathic helix essential for its membrane association [31] . D1 is capable of binding RNA and involved in replication [32, 33] , whereas D2 is to the most part dispensable for replication [34] . D3 is important for the generation of infectious virus, probably due to an interaction with core that is regulated by NS5A phosphorylation [34] [35] [36] . NS5A can be found in two distinct phosphorylated forms: a basal (hypo-) and hyperphosphorylated state, designated according to their apparent molecular weight p56 and p58, respectively [37] . The phosphorylation status is directly or indirectly modulated by NS3, NS4A, NS4B and NS5B [38] [39] [40] [41] . However, cellular kinases and mechanistic details regulating NS5A phosphorylation are still poorly defined. Basal phosphorylation seems to depend on kinases of the CMGC family (e.g. casein kinase (CK) II [35, 42] ) and involves mainly sequences in NS5A D2 and D3 (reviewed in [4] ). In contrast, p58 synthesis is mediated by the CKI protein kinase family, particularly CKIa [43, 44] and recently an additional role of Polo-like kinase 1 has been identified [45] . A cluster of serine residues encompassing amino acids (aa) 222-235 at the C-terminus of D1 and in LCS I has been shown to be involved in hyperphosphorylation of NS5A and in the regulation of RNA replication by adaptive mutations [40, [46] [47] [48] . Mutations in this region typically decrease p58/p56 ratio and increase RNA replication of HCV genotype 1 isolates, probably by modulating the interaction with the host factor hVAP-A [46, 48, 49] . However, a complete loss of hyperphosphorylation typically abrogates RNA replication indicating that low amount of p58 is essential for RNA replication [50, 51] . The fact that mutations causing reduced p58/p56 levels enhance replication of genotype 1 isolates [46, 48, 52 ], but in turn repress particle morphogenesis, raised the concept that p56 is mainly involved in RNA replication. This is corroborated by the finding that kinase inhibitors reducing NS5A hyperphosphorylation stimulate HCV replication [53] . In contrast, p58 might be a negative regulator of RNA replication and/or is required for assembly [35, 36, 54, 55] .
In this study, we provide a detailed characterization of the mechanism of action of PI4KIIIa in HCV RNA replication. We identified a site in NS5A D1 that is involved in functional PI4KIIIa interaction and RNA replication. Mutations in this site phenocopied PI4KIIIa silencing, including abrogation of PI4P induction and alterations in MW morphology. Importantly the same mutations resulted in increased NS5A p58 levels and we show that enzymatic activity of PI4KIIIa plays a vital role in the modulation of NS5A phosphorylation. Transcomplementation studies suggest that alterations of NS5A phosphorylation status rather than elevation of PI4P abundance are the main determinant for efficient HCV RNA replication. These results reveal a
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complex mechanism of action of PI4KIIIa in HCV replication and provide novel insights into the biogenesis of the viral replication sites.
Results

A sequence at the C-terminus of NS5A D1 is involved in PI4KIIIa binding
Recently, we found that PI4KIIIa directly interacts with HCV NS5A D1 but not with D2 or D3 [11] . To narrow down the NS5A binding region we designed several deletions within NS5A D1 in the context of the polyprotein NS3 to NS5B (NS3-5B) of genotype 2a (isolate JFH-1 [56] ), all of them retaining the N-terminal amphipathic alpha-helix (Fig. 1A) . We used a transient expression model based on plasmids encoding the HCV NS3 to NS5B polyprotein under transcriptional control of the T7-promoter, which were transfected into Huh7-Lunet cells constitutively expressing T7-RNA polymerase (Huh7-Lunet T7). This approach enabled us to examine effects of mutations on PI4KIIIa interaction independent of the requirement for functional NS5A for HCV RNA replication. Polyproteins bearing deletions within NS5A D1 were coexpressed with HA-tagged PI4KIIIa and subjected to immunoprecipitation using HA-and NS5A-specific antibodies (Fig. 1B) . The amount of PI4KIIIa coprecipitating with NS5A ( Fig. 1B lower panel, HA-PI4K) was quantified and normalized to PI4KIIIa input levels (Fig. 1B upper and lower panel, respectively) to determine the impact of deletions within NS5A D1 on the interaction of both proteins. None of the deletions completely abrogated NS5A-PI4KIIIa binding, indicating that determinants outside D1 might contribute to PI4KIIIa interaction. However, deletion of the entire D1 severely impaired PI4KIIIa binding, confirming our previous findings (Fig. 1B, [11] ). A similar phenotype was observed upon deletion of the C-terminal part of NS5A D1 (DS3, D151-214aa), in contrast to deletions encompassing the N-terminus (DS1) or the center (DS2) of NS5A D1, which did not impair, but apparently increased PI4KIIIa binding, pointing to complex determinants contributing to the interaction of both proteins. To further narrow down the PI4KIIIa interaction site within NS5A we generated smaller deletions within aa151-214 of NS5A (DS3A, B and C, respectively) and found that removal of aa187-199 as well as 200-213 both reduced PI4KIIIa binding to about 10% of wt NS5A (wt). These results suggested that the very C-terminal 28aa of NS5A D1 contained sequence elements involved in the binding of PI4KIIIa, which we designated PI4KIIIa binding region (PBR, Fig. 2A ).
Our next aim was to identify more subtle mutations within this region, allowing a detailed analysis of the functional role of the NS5A-PI4KIIIa interaction in HCV replication. Therefore, we generated overlapping triple alanine substitutions within the NS3-5B polyprotein ( Fig. 2A) and first analyzed their impact on NS5A- Figure 1 . Mapping of the PI4KIIIa -interaction site within NS5A domain 1. A: Schematic representation of expression constructs with deletions in NS5A D1 used to identify the PI4KIIIa interaction site. HCV coding sequences are indicated by blue or grey boxes, deleted sequences by black lines. Numbers refer to amino acid positions within the HCV JFH-1 polyprotein, numbers in brackets to amino acid positions within NS5A. The EMCV-IRES is indicated by a schematic RNA secondary structure. T7 Pm, T7 promoter; AH, amphipathic helix; D1, 2, 3, subdomains of NS5A; LCS1, 2, low complexity sequences [30] . B: Huh7-Lunet T7 cells were transfected with plasmids encoding the NS3 to NS5B polyprotein of genotype 2a (JFH-1) with sub-deletions within NS5A domain 1 with or without HA-tagged PI4KIIIa (HA-PI4K), as indicated at the bottom. Newly synthesized proteins were radiolabeled and cell lysates subjected to immunoprecipitation using NS5A (lower panel) or HA-specific antibodies (upper panel). Samples were analyzed by SDS-PAGE and autoradiography and quantified by phosphoimaging. Numbers at the bottom indicate the coprecipitation efficiency of HA-PI4KIIIa with individual mutants compared to NS5A wt. Coprecipitation efficiency was normalized to the total amounts of HA-PI4K for each sample (upper panel). Note that data were not normalized to input NS5A levels due to a consistently high molar excess of NS5A compared to PI4KIIIa (data not shown). Mock: cells transfected with empty pTM vector. doi:10.1371/journal.ppat.1003359.g001
PI4KIIIa and HCV NS5A Phosphorylation PLOS Pathogens | www.plospathogens.orgPI4KIIIa binding (Fig. 2B, C, D) . Interestingly, all mutations except mutSQL, LPC, VLR and ETA significantly reduced PI4KIIIa coprecipitation efficiency, supporting our assumption that this whole region was involved in PI4KIIIa binding. However, the effect of most NS5A triple alanine mutations was not very strong and reduced the efficiency of PI4KIIIa binding by about 50%. Only a set of mutations spanning a region of nine aa reduced PI4KIIIa coprecipitation to about 25% of wt NS5A (Fig. 2C , Table 1 ). We furthermore assessed the impact of the triple alanine mutations on NS5A coprecipitating with HAPI4KIIIa ( Fig. 2D and not shown) . However, the efficiency of coprecipitation was very low and was only detectable after long overexposures of the gels (Fig. 2D and not shown), most likely due to a consistently high molar excess of NS5A to HA-PI4KIIIa in all experiments (20-100fold, data not shown). Interestingly, both phosphoisoforms were precipitated with similar efficiency in case of NS5A wt. However, the signal intensities were not high enough to allow a thorough quantitation of NS5A binding and p58/p56 ratios of the NS5A mutants to draw firm conclusions (data not shown).
In essence, none of the triple alanine mutations within the PBR of NS5A abrogated PI4KIIIa binding entirely, suggesting that the interaction between both proteins relies on multiple determinants.
Analysis of RNA replication efficiency of triple alanine mutants in the PBR identifies a PI4KIIIa functional interaction site (PFIS) Next, we quantified the impact of the triple alanine mutations on HCV RNA replication using monocistronic reporter replicons of the JFH-1 isolate (Fig. 3A) using luciferase reporter assays (Fig. 3B ) and direct quantitation of viral genomes after transfection of replicon RNA (Fig. 3C, Fig. S1A ). Both assays revealed very similar results, except that the dynamic range of the RNA detection was lower due to large amounts of input RNA still Figure 2 . PI4KIIIa binding to NS5A triple alanine mutants of the PI4KIIIa binding region (PBR). A: Schematic representation of NS5A and NS5A D1-LCS1. The sequence encompassing deletions DS3B and DS3C (186-212) is named PI4KIIIa binding region (PBR) and is highlighted in red. PBR was subjected to closer analysis by generation of triple alanine substitutions. Mutants were designated according to the respective wt sequence as exemplified. The PI4KIIIa functional interaction site (PFIS) is indicated by a dark red line. Small letters indicate amino acids specifically found in the JFH-1 isolate. For details refer to the legend of Fig. 1A . B: Huh7-Lunet T7 cells were cotransfected with plasmids encoding the NS3 to NS5B polyprotein of genotype 2a (JFH-1) containing triple alanine mutations in NS5A domain 1 as indicated and HA-tagged PI4KIIIa (HA-PI4K). Newly synthesized proteins were radiolabeled and cell lysates subjected to immunoprecipitation using NS5A (lower panel) or HA-specific antibodies (upper panel). Samples were analyzed by SDS-PAGE and autoradiography. C: Quantitative analysis of PI4KIIIa pull-down. Experiments as shown in panel B were quantified by phosphoimaging. Coprecipitation efficiency was normalized to the total amounts of HA-PI4K and calculated relative to PI4KIIIa pull-down by NS5A wt. Note that data were not normalized to input NS5A levels due to a 20-100fold molar excess of NS5A compared to PI4KIIIa (data not shown). Error bars indicate mean values +/2 SD of two independent experiments analyzed in duplicates. Significance was calculated by a paired t-test. *, p,0.05; **, p,0.01; ***, p,0.001. D: Huh7-Lunet T7 cells were transfected with plasmids encoding the NS3 to NS5B polyprotein of genotype 2a (JFH-1) and/or HA-tagged PI4KIIIa (HA-PI4K) or mock transfected as indicated. Newly synthesized proteins were radiolabeled and cell lysates subjected to immunoprecipitation using HA-(lower panel) or NS5A-specific antibodies (upper panel). Samples were analyzed by SDS-PAGE and autoradiography. doi:10.1371/journal.ppat.1003359.g002
PI4KIIIa and HCV NS5A Phosphorylation PLOS Pathogens | www.plospathogens.orgpresent at 72 hours after transfection (Fig. S1A) . Surprisingly, only mutations showing a strong reduction in PI4KIIIa binding were entirely incapable of replication (repMLT, TDP, PPH and HIT, Fig. 3B, 3C ). Based on their replication phenotype we assumed that the region covered by mutants mutMLT, TDP, PPH and HIT was most critical for functional PI4KIIIa interaction and therefore termed this sequence motif PI4KIIIa functional interaction site (PFIS, indicated in Fig. 2A ). The fact that several mutant replicons were not impaired in RNA replication at all, despite significant reductions in PI4KIIIa binding efficiency (e.g. repCEP, PEP and PDA) suggested that a minimum threshold level of PI4KIIIa interaction of more than 25% of NS5A wt was necessary and sufficient for viral RNA replication (Table 1) . However, the moderately delayed replication kinetics of the two mutants flanking the PFIS (RSM, TAE; Fig. 3B ) compared to their strongly reduced interaction with PI4KIIIa binding (Fig. 2C , Table 1 ), suggested that the determinants of functional PI4KIIIa interaction were not entirely reflected by the binding efficiency measured by co-immunoprecipitation.
In addition to the PFIS mutants, repLPC also was severely impaired in replication, but still replicated at a very low level, indicated by the increase in luciferase activity at 48 h and 72 h after transfection. However, the neighbouring mutants repSQL and repCEP were not impaired in replication at all. In addition, the PI4KIIIa binding efficiencies of these three mutants with overlapping triple alanine mutations were variable with mutLPC showing no significant reduction in PI4KIIIa binding (Fig. 2C) , arguing for a role of proline 188 in the function of NS5A independent from PI4KIIIa interaction.
To support our assumption that replication defects in the PFIS region indeed were functionally linked to PI4KIIIa, we next analyzed whether overexpression of PI4KIIIa would rescue replication of the PFIS mutants. Therefore, we used Huh7-Lunet cells constitutively overexpressing HA-PI4KIIIa upon lentiviral transduction (Fig. 3E ) and compared replication efficiency of the different mutants to naïve Huh7-Lunet cells (Fig. 3D, Fig. S1B, C) . Interestingly, repPPH, carrying mutations in the center of the PFIS region and being replication deficient in naïve Huh7-Lunet cells, was strongly stimulated by overexpression of PI4KIIIa, suggesting that the phenotypes observed for this mutant were indeed functionally linked to PI4KIIIa (Fig. 3D, Fig. S1B ). In addition, the delayed replication kinetics of mutants RSM and TAE, flanking the PFIS, were fully rescued by overexpression of PI4KIIIa and both mutants replicated to wildtype levels already at 24 hours after electroporation (Fig. S1C) . In contrast, replication efficiency of mutant LPC was not significantly enhanced by PI4KIIIa overexpression, again suggesting that the replication defect of this mutant was independent of PI4KIIIa. PFIS mutants MLT, TDP and HIT were not rescued by PI4KIIIa. This might either be due to an insufficient PI4KIIIa overexpression level, a stronger impairment of functional PI4KIIIa interaction compared to mutant PPH and/or due to defects unrelated to NS5A-PI4KIIIa interactions, like NS5A RNA binding, dimerization, replicase interactions etc. However, mutants MLT, TDP and HIT exhibited almost identical phenotypes in all kinds of analyses throughout our study compared to mutant PPH (Table 1) , which was partially rescued by overexpression of PI4KIIIa. Therefore, it seemed likely that all phenotypes of the PFIS mutants besides 4 according to data obtained from figure 4C ; +++:.4fold mock; ++: 3-4 fold mock; +: 2-3 fold mock; +/2: .1.5-2fold mock; 2: 1-1.5fold mock. Previous studies identified strongly enhanced PI4P levels in HCV-positive cells due to an activation of PI4KIIIa by NS5A [11, 29] . Silencing of PI4KIIIa abolished induction of PI4P synthesis by HCV and abrogated RNA replication. These phenotypes coincided with a so called ''clustered'' intracellular accumulation of HCV nonstructural proteins in immunofluorescence and an altered architecture of HCV-induced membrane alterations, suggesting a fundamental role of PI4P in the formation of the HCV replication sites [11] .
To test whether our triple alanine mutations would mimic some of these PI4KIIIa knockdown phenotypes, we expressed mutant NS3-5B polyproteins in Huh7-Lunet T7 cells and costained for NS5A and PI4P to judge the localization of NS5A and to quantify the levels of PI4P. We first quantified intracellular PI4P levels in cells expressing NS3-5B compared to mock transfected cells (Fig. 4A, middle panels, Fig. 4C , Table 1 ). PI4P primarily localized to the Golgi-apparatus in mock-transfected cells. Expression of NS3-5B wt resulted in strongly enhanced levels of PI4P in most cells, was widely spread in the cytoplasm and partially colocalized with NS5A, as expected ( Fig. 4A, C ; [11] ). The degree of PI4P enhancement was 4.4-fold on average, but varied widely amongst individual cells in agreement with our previous analysis [11] . Most triple alanine mutants still gave rise to significantly increased PI4P levels compared to mock-transfected cells, but to lower levels than detected in wt polyprotein-expressing cells (Fig. 4A , C, Table 1 ). Importantly, PI4P levels in cells transfected with mutants in the PFIS (mutMLT, TDP, PPH, HIT) were not increased compared to mock-transfected cells. The same mutations completely abrogated RNA replication ( Fig. 3B, C ; Table 1 ), suggesting that increased intracellular PI4P levels might be critical for viral RNA replication, as indicated by previous studies [11] . However, the determinants for PI4KIIIa activation could not be directly correlated to the efficiency of NS5A binding, since on one hand, mutants like LPC, which were not impaired in PI4KIIIa binding but replication deficient did not induce PI4P synthesis, whereas on the other hand mutants with strongly reduced PI4KIIIa binding capability (e.g. RSM, Fig. 2C ) activated PI4KIIIa. Therefore, the determinants of PI4KIIIa activation by NS5A appeared complex and required an interaction which was not directly reflected by the binding efficiency. In addition, viral RNA replication seemed to be compatible to a wide range of intracellular PI4P levels, indicated by the huge variations already observed upon expression of NS3-5B wt and by several mutants, which were not impaired in RNA replication despite a significantly reduced ability to induce PI4P (mutSQL, CEP, PEP, PDA, ADV). To confirm this result in a replication competent model, we analyzed PI4P induction by wt and two representative mutant replicons (repCEP and PDA), replicating to the same levels, despite significant differences in mean PI4P induction levels in NS3-5B expressing cells (4.4-fold vs. 2.3-and 2.7-fold, respectively). Interestingly, results obtained with the replicons were very similar to the expression of NS3-5B. Again, the level of induction was highly variable in individual cells, but the mean value remained significantly higher for wt compared to repCEP and repPDA (3.5-fold vs 2.4-and 2.8-fold, respectively, Fig. S3B , C), arguing for a wide range of intracellular PI4P levels being compatible with efficient HCV replication.
We next analyzed the impact of the triple alanine mutations on the intracellular distribution of NS5A. In cells expressing NS3-5B wt, NS5A appeared mainly in a dot-like, dispersed pattern ( Table 1 ). Since the clustered phenotype was also observed upon silencing of PI4KIIIa [11] , these results suggested that a clustered distribution of NS5A was indeed linked to reduced PI4P levels. The same clustered phenotype was found using antisera directed against NS3, NS4B and NS5B, and all these nonstructural proteins co-localized to NS5A, irrespective of a dot-like or clustered distribution (Fig. S2) . Therefore, cluster formation seemed to rely mainly on a reorganization of membrane structures rather than on a general disturbance of nonstructural protein interactions, which might have resulted in a loss of co-localization. The proportion of cells with NS5A clusters varied from 7-57% for the mutants compared to 3% for the wt and several mutants showing predominantly the clustered phenotype replicated like wt (e.g. mutPDA, Table 1 ), suggesting that this phenotype was not necessarily associated with defects in RNA replication. Therefore, we analyzed the NS5A staining pattern of two of the replication competent triple alanine mutations (mutCEP, mutPDA) in replicon-containing cells and surprisingly found no NS5A clusters at all, as in case of the wt replicon cells (Fig. S3) . Probably, protein expression levels in replicon cells were not high enough to induce clusters and/or clusters were not compatible with RNA replication. Hence, these data suggest that the formation of NS5A clusters is favored by high ectopic NS3-5B polyprotein expression combined with reduced levels of PI4P, thereby pointing to mutants with reduced capability to activate PI4KIIIa.
Collectively, our data demonstrate that mutations in the PBR region of NS5A resulted in a higher abundance of a clustered NS5A distribution, as observed for PI4KIIIa knockdown, but this phenotype was not correlated with RNA replication competence and was not observed in replicon cells, suggesting that protein overexpression and reduced PI4P induction both contributed to this phenotype. We furthermore found that most mutations in the PBR affected activation of PI4KIIIa, resulting in a less pronounced enhancement of intracellular PI4P pools. RNA replication was not affected over a wide range of PI4P induction levels. However, mutations of the PFIS strongly reducing PI4KIIIa binding and not giving rise to any induction of PI4P synthesis abolished RNA replication.
Impact of triple alanine mutations in the PBR on MW morphology
Our previous study identified an altered morphology of MW structures upon PI4KIIIa knockdown, suggesting that PI4P was critically involved in web integrity [11] . Therefore, we next aimed to analyze MW morphology induced by triple alanine mutants of the PBR, giving rise to different levels of PI4P induction. Membrane alterations induced by expression of NS3-5B wt were heterogeneous, consisting of double membrane vesicles (DMVs) with an average diameter of 200 nm interspersed by multimembrane vesicles (MMVs) (Fig. 5A , C [11] ), Both vesicle types did not accumulate in distinct areas, but rather were dispersed throughout the cytoplasm. Very similar web structures were found in wt replicon cells, but with lower abundance, probably due to lower protein expression levels (Fig. S3D , upper panel, [11] ). Silencing of PI4KIIIa resulted in more homogenous web structures, lacking MMVs, with DMVs of an average diameter of 133 nm (Fig. 5B, C) , confirming our previous results [11] .
For further ultrastructural analysis we chose one representative mutant in the PFIS (mutHIT) devoid of RNA replication and PI4P induction and two fully replication competent mutants with intermediate levels of PI4P induction (mutCEP and PDA). MW morphology induced by expression of NS3-5B mutHIT resembled the morphology obtained after expression of NS3-5B wt in PI4KIIIa-silenced cells: membrane alterations only contained DMVs, which were very homogeneous, but even smaller in size (91+/220 nm, Fig. 5A , C), thus further confirming that the major phenotypes associated with this mutant indeed relied on its defects in PI4KIIIa interaction. MutCEP and mutPDA both induced web structures with an intermediate phenotype containing DMVs smaller than wt, but larger than mutHIT (136+/221 and 142+/ 240 nm, respectively) and MMVs. Expression of both mutants often resulted in vesicles accumulating in larger clusters like in shPI4KIIIa knockdown cells, in line with the high abundance of NS5A clusters detected in immunofluorescence (IF) (Fig. 4B ). Membrane alterations induced by replicons harboring the CEP or PDA mutations were less abundant and more dispersed, again concordant with the IF phenotype, showing no NS5A clusters (Fig. S3A ). In addition, the average diameter of the DMVs was similar to the one observed with wt replicon cells (Fig. S3D, E) . This result suggests that DMVs have to adopt a minimal size to allow active RNA replication, since in case of the wt, average DMV diameter was identical for the replicon compared to the expression model.
In summary, mutations in the PFIS (e.g. mutHIT) resulted in phenotypes largely resembling and even more pronounced than knockdown of PI4KIIIa, with MW structures solely consisting of DMVs of reduced average diameter. Expression of replicationcompetent mutants causing a moderate reduction in PI4KIIIa activation (mutCEP and PDA) resulted in intermediate phenotypes. These results provided evidence for a critical involvement of functional NS5A-PI4KIIIa interaction in MW morphology.
PI4KIIIa modulates NS5A phosphorylation status
NS5A exists in two phospho-isoforms, p56 (hypophosphorylated) and p58 (hyperphosphorylated), which can be distinguished by their electrophoretic mobility. The balance between the two different NS5A variants has been implicated in the regulation of the viral replication cycle, with p56 thought to favor RNA replication and p58 involved in assembly [46, 48, 55] . Since NS5A was interacting with PI4KIIIa and is critically involved in kinase activation, we wondered whether the phosphorylation state of NS5A might be involved in this process. Therefore, we analyzed NS5A containing triple alanine mutations in the PBR expressed in the context of the NS3-5B polyprotein for the ratio of p58/p56 (Fig. 6) . Surprisingly, we found a huge variability of p58/p56 ratios among the NS5A variants, ranging from 0.2 to 1.5 (Fig. 6A, B and Table 1 ). The differences were indeed due to variable phosphorylation, because phosphatase treatment resulted in a reduced apparent molecular weight of all bands (Fig. S4) , in contrast to a generally higher apparent molecular weight of mutants VLR, RSM and MLT, which was likely due to a change in protein conformation. NS5A wt typically gave rise to less p58 compared to p56 (roughly 40% to 60%) and had a p58/p56 ratio of 0.6, whereas most mutants with no (mutSQL, ETA, LPC) or a moderate impairment of PI4KIIIa binding (mutLPC, CEP, PEP, PDA, ADV) exhibited slightly reduced p58 levels resulting in a lower p58/p56 ratio (Fig. 6B, Fig. S3F ). Importantly, all mutations in the PFIS resulting in an abrogation of RNA replication caused a strong enhancement of p58/p56 levels (Fig. 6A, B) , arguing for an impact of PI4KIIIa on the phosphorylation state of NS5A. To our knowledge, these are the first reported mutations in NS5A causing an increase rather than a decrease in NS5A hyperphosphorylation. The strongly enhanced p58/p56 levels observed for the PFIS mutants furthermore suggested that impaired functional interaction of NS5A resulted in higher p58 levels, whereas a regular interaction of NS5A with PI4KIIIa might favor p56 synthesis.
To analyze whether the changes in NS5A phosphorylation observed for the PFIS mutants were directly associated with PI4KIIIa, we addressed the impact of PI4KIIIa knockdown and overexpression on NS5A phosphorylation (Fig. 7) . We used cells with stable knockdown of PI4KIIIa by constitutive expression of sh-RNA (shPI4K); cells expressing a non-targeting control (shNT) served as negative control. For further control we restored PI4KIIIa expression in shPI4K cells by transduction with a variant of the PI4KIIIa gene resistant to knockdown due to silent . Reduced PI4KIIIa interaction and RNA replication deficiency correlate with relative increase of NS5A hyperphosphorylation. A: Huh7-Lunet T7 cells were transfected with plasmids encoding the NS3 to NS5B polyprotein of genotype 2a (JFH-1) containing a wt sequence or triple alanine mutants as indicated or with empty plasmid (mock). Newly synthesized proteins were radiolabeled and cell lysates subjected to immunoprecipitation using NS5A specific antibodies. Immunocomplexes were analyzed by SDS-PAGE and autoradiography. B: Quantitative analysis of the NS5A p58/ p56 ratio. Bands corresponding to NS5A p58 and p56, respectively, as shown in panel A were individually quantified by phosphoimaging to obtain a p58/p56 ratio. Error bars indicate mean values +/2 SD of two independent experiments analyzed in duplicates. Significance was compared to the wt polyprotein and calculated by a paired t-test. *, p,0.05; **, p,0.01; ***, p,0.001. A blow up of figure 6A focusing on the NS5A phosphorylation of PFIS mutants in comparison to the wildtype polyprotein is shown below. doi:10.1371/journal.ppat.1003359.g006 mutations in the shPI4K binding site (sh+Esc). Efficient knockdown and reconstitution was confirmed by western blot for PI4KIIIa and by functional replication assays using subgenomic reporter replicons (data not shown).
Indeed, silencing of PI4KIIIa expression resulted in a significant increase in the p58/p56 ratio compared to shNT cells (Fig. 7A, B , JFH-1 wt). Importantly, the wt phenotype was restored by expression of the knockdown-resistant PI4KIIIa gene, strongly arguing for a specific impact of PI4KIIIa on the regulation of NS5A phosphorylation. The same result was obtained for two variants of the genotype 1b isolate Con1: Con1 wt, barely replicating in cell culture and Con1 ET, harboring cell culture adaptive mutations in NS3 and NS4B [52] , demonstrating that modulation of the NS5A phosphorylation status by PI4KIIIa is a general feature of different HCV genotypes. We furthermore generated and tested the HIT triple alanine mutant in the PFIS of the Con1 isolate to confirm the general importance of this motif (Fig. 7A, B, Con1 mutHIT) . The HIT mutation in Con1 resulted in a significantly increased p58/p56 ratio and was associated with a strongly decreased binding to PI4KIIIa. This phenotype was similar to the one found for JFH-1 (Fig. 7E , and data not shown; note the low amount of HA-PI4K coprecipitating with Con1 mutHIT), supporting the contribution of the PFIS to NS5A-PI4KIIIa binding. In contrast to JFH-1, silencing of PI4KIIIa had no impact on the p58/p56 ratio of Con1 mutHIT, which was in line with our conclusion that the increase in p58 levels of this mutant NS5A was caused by its reduced binding to PI4KIIIa.
To further confirm the role of PI4KIIIa on the regulation of NS5A phosphorylation, we tested the impact of a recently identified specific inhibitor of PI4KIIIa, AL-9 [15] , on the NS5A phosphorylation status. We found very similar inhibitory concentrations of AL-9 on replication of Con1 and JFH-1 based replicons as reported [15] (IC50 ca. 0.1 and 0.5 mM, respectively). AL-9 treatment generally enhanced the abundance of NS5A, which was probably due to subtle effects of PI4KIIIa on NS5A stability, which we also observed in other experiments (e.g. Fig. 7E , compare the impact of PI4KIIIa wt overexpression on NS5A abundance to mock and inactive mutant D1957A for Con1 wt and ET). Importantly, we also found a dose-dependent increase in the p58/p56 ratios of NS5A from JFH-1, Con1 wt and Con1 ET upon AL-9 treatment (Fig. 7C, D) , as expected from the knockdown experiments, thereby providing more evidence for the involvement of PI4KIIIa in regulating the phosphorylation state of NS5A. We could furthermore rule out that AL-9 had an impact on binding of NS5A to PI4KIIIa (Fig. S5) , thereby supporting our assumption that indeed inhibition of the enzymatic activity of PI4KIIIa by AL-9 resulted in an increased p58/p56 ratio.
The silencing experiments and the phenotype of the PFIS mutants suggested that PI4KIIIa somehow facilitated the synthesis of p56 or suppressed the synthesis of p58. Overexpression of PI4KIIIa should therefore result in a lowering of p58/p56 ratios and we tested this hypothesis by ectopic expression of PI4KIIIa (Fig. 7E, F) . In parallel to the wt gene we expressed an inactive mutant of PI4KIIIa (D1957A, [11] ) to address whether kinase activity was involved in the regulation of NS5A phosphorylation. Ectopic expression of PI4KIIIa wt, but not of the D1957A mutant, indeed resulted in reduced p58/p56 ratios for JFH-1 wt and Con1 wt (Fig. 7E, F) , arguing for a role of enzymatically active PI4KIIIa in NS5A phosphorylation. P58/p56 ratios were also reduced in case of Con1 mutHIT coexpressed with PI4KIIIa wt and, surprisingly, also with mutant D1957A (Fig. 7E, F) . Overexpression of PI4KIIIa might therefore compensate the binding defects of the PFIS mutants to some extent, thereby reducing p58/p56 ratios, but probably also triggering changes in NS5A phosphorylation by different mechanisms as compared to NS5A wt, e.g. by preventing the access of cellular kinases involved in p58 synthesis. In case of Con1 ET, ectopic expression of PI4KIIIa wt had no impact on p58/p56 ratios, which might be due to the generally low p58/p56 ratio of NS5A Con1 ET in this experiment, consistent with a recent report [48] . Similar effects were found for some JFH-1 PBR mutants with low p58/p56 ratios (Fig. S6) . In this case, p58/p56 ratios were slightly increased upon ectopic expression of PI4KIIIa for some mutants (SQL, LPC, PEP), whereas the high p58/p56 ratios of mutants in the PFIS (MLT, TDP, PPH and HIT) were reduced, as for NS5A wt (Fig. S6  compared to Fig. 6 ). The reduction of p58/p56 ratios of PFIS mutants by PI4KIIIa overexpression might also explain the partial rescue of RNA replication upon PI4KIIIa overexpression in case of mutant PPH (Fig. 3D) .
In summary, mutants of the PFIS impaired in PI4KIIIa binding exhibited increased ratios of p58/56. The same phenotype was observed upon knockdown or pharmacological inhibition of PI4KIIIa, whereas overexpression of enzymatically active PI4-KIIIa resulted in decreased p58/56 ratios. Thus, PI4KIIIa appears to affect NS5A phosphorylation either by facilitating p56 synthesis or by blocking NS5A hyperphosphorylation.
Replication of PFIS mutants can be rescued by transcomplementation
Triple alanine mutations in the PFIS impaired NS5A-PI4KIIIa binding and completely abolished HCV RNA replication. Abrogation of RNA replication was associated with a loss of PI4P induction and increased p58/p56 ratios. The same phenotypes were observed upon PI4KIIIa knockdown or inhibition of PI4KIIIa activity by AL-9, suggesting that replication deficiency of PFIS mutants was indeed mechanistically linked to PI4KIIIa activity (Table 1 ). This assumption was furthermore supported by the partial rescue of RNA replication of mutant PPH upon PI4KIIIa overexpression (Fig. 3D) . However, it was not clear whether induction of PI4P synthesis or regulation of NS5A phosphorylation were the key function of PI4KIIIa required for HCV replication. To get a hand on mutants with probably more distinct phenotypes we generated point mutations affecting serine and threonine residues within or surrounding the PFIS, which could be potential phosphorylation sites involved in the altered p58/p56 ratios (Fig. S7 A-D) . Among those only T2185A (T210A in NS5A, affecting the threonine in mutHIT) was impaired in RNA replication, correlating with a slight reduction of PI4P induction and an increase in p58/p56 ratio. We furthermore assessed whether a phosphomimetic mutation at this site would rescue PI4KIIIa interaction and RNA replication of mutHIT, in case this threonine was phosphorylated in vivo. Therefore, we replaced threonine or alanine at position 210 by glutamic acid in the wildtype sequence and in mutHIT, respectively (Fig. S7E-G , mutHIE and mutAAE, respectively). However, both variants strongly interfered with PI4KIIIa binding and completely abrogated RNA replication, arguing against a phosphorylation event at this site.
Since alteration of NS5A phosphorylation and PI4P induction seemed to be intimately linked in case of the PFIS mutants, we next tried to dissect the requirements for both parameters by using transcomplementation assays. Previous studies have shown that replication-deficient mutants of NS5A, in particular those with defects in phosphorylation, can be rescued by expression of a wt protein in trans [50, 51, 57] . Minimal requirement for transcomplementation was the expression of NS5A in the context of a NS3-5A polyprotein, which was necessary and sufficient for NS5A hyperphosphorylation. In contrast, the sole expression of NS5A was not capable of rescuing deficient mutants [50] , most likely due to aberrant phosphorylation, indicated by the lack of p58 [38] . Therefore, we generated six Huh7-Lunet derivatives, either containing a subgenomic replicon or constitutively expressing NS3-5A or NS5A, each based on JFH-1 or Con1 ET, respectively, to analyze which of these settings was capable of rescuing replication of a representative PFIS mutant (HIT) in the context of JFH-1 and Con1 ET reporter replicons (Fig. 8A) . Wt replicons of both genotypes as well as a NS5B mutant (DGDD), which cannot be complemented in trans [50] , were included as positive and negative controls, respectively. We first analyzed each rescue setting for induction of PI4P synthesis and NS5A phosphorylation in the absence of the transfected mutant replicons (Fig. 8B-D) . Both replicon cell lines contained functional NS5A by definition, although in case of Con1 ET only p56 was clearly detectable (Fig. 8D) . Both cell lines expressing NS3-5A contained two NS5A species of the expected sizes, in contrast to the cells expressing NS5A only (Fig. 8D) . The replicon cell lines also contained elevated levels of PI4P (Fig. 8B, C) . Surprisingly, neither expression of NS3-5A nor of NS5A increased intracellular PI4P abundance (Fig. 8B, C) , despite similar NS5A levels compared to replicon cells (Fig. 8D) . The lack of PI4P induction in cells expressing NS3-5A suggested that activation of PI4KIIIa requires not only NS5A, but also NS5B, which has been shown to interact with this lipid kinase as well [11] .
Next, we addressed the rescue profile of the mutant replicons in the various transcomplementation settings (Fig. 8E, F) . Successful rescue was judged by comparison with the DGDD mutant, which does not replicate and cannot be complemented in trans [50] . RepHIT JFH-1 (Fig. 8E ) and repHIT Con1 ET (Fig. 8F) did not replicate in naïve Huh7-Lunet cells nor in cells expressing only NS5A, providing neither properly phosphorylated NS5A nor PI4P. Replication of repHIT JFH-1 was rescued by expression of NS3-5A and replicons of both genotypes (Fig. 8E) , suggesting that the defect caused by the mutant was complemented by providing NS5A rather than by high PI4P levels, which were not provided by expression of NS3-5A (Fig. 8C) . In contrast, replication of mutant repHIT Con1 ET was only rescued in cells harboring a replicon or NS3-5A of the same genotype (Fig. 8F) . Expression of JFH-1 NS3-5A was even inhibitory for replication of Con1 ET wt for unknown reasons, whereas JFH-1 replicon cells supported Con1 ET wt replication, but did not rescue Con1 ET repHIT (Fig. 8F) . The latter result clearly demonstrated that increased PI4P levels provided by the JFH-1 replicon cells were not sufficient to compensate for the defects caused by mutations in the PFIS and strongly argued for the necessity to provide wt NS5A, probably due to the aberrant phosphorylation induced by PFIS mutations. However, we cannot rule out the possibility that mutHIT causes additional defects in NS5A, which might require complementation by functional NS5A of the same genotype.
We next analyzed the impact of restored replication upon transcomplementation on intracellular PI4P levels. We used wt and HIT-mutant replicons with an eGFP inserted in NS5A [58] to unequivocally detect cells with active replication of the mutant replicon. This experiment was focused on JFH-1 replicons due to the limited replication and transcomplementation efficiency of Con1 ET and only included rescue conditions not inducing PI4P synthesis (NS5A and NS3-5A of Con1 and JFH-1, Fig. 9A ). The transcomplementation pattern of JFH-1 repHIT-eGFP was identical to the non-GFP tagged variant (Fig. 9B ): Replication of repHIT was restored by expression of NS3-5A, but not NS5A, of Con1 and JFH-1. Quantification of PI4P in NS5A-positive cells revealed a strong, but variable, induction of PI4P for the JFH-1 wt-eGFP replicon (Fig. 9C, D) , which was about 6-fold on average (Fig. S8A) and very similar to the JFH-1 wt replicon (Fig. S3B, C) and to expression of NS3-5B wt (Fig. 4C, Table 1 ). Overall, the quantity of wt NS5A-eGFP correlated significantly with the amount of PI4P in individual cells (Fig. S8B , blue dots), in line with the assumption that NS5A and NS5B activate PI4KIIIa, thus giving rise to elevated levels of PI4P. In contrast, PI4P induction was much weaker upon transcomplementation of JFH-1 repHIT-eGFP (Fig. 9C, D) , only 2-3 fold on average (Fig. S8A) , although replication levels of the wteGFP replicon were identical to repHIT-eGFP in cells expressing NS3-5A JFH, as judged by luciferase counts (Fig. 9B ). Many cells with bona fide HCV replication even had no detectable induction of PI4P synthesis (Fig. 9C, D, repHIT-eGFP), suggesting that strongly elevated levels of PI4P are no prerequisite of HCV replication. However, local changes in PI4P levels at the replication sites would clearly be below the detection limit of the IF based quantitation. Therefore, we cannot exclude and it even seems likely that a local elevation of PI4P levels at the replication sites is critical for viral replication, since active replication always generated conditions capable of activating PI4KIIIa. This was indicated by a clear induction of PI4P in some of the cells containing a repHIT-eGFP replicon (Fig. 9D) . The amount of NS5A-eGFP and PI4P did not correlate significantly with PI4P in this case (Fig. S8B ), most likely due to the fact that PI4KIIIa was activated only by wt NS5A, provided by expression of NS3-5A, but not by the mutant NS5AGFP-mutHIT, which we quantified in our analysis.
In summary, our transcomplementation analysis revealed that activation of PI4KIIIa required both NS5A and NS5B. Conditions capable of providing properly phosphorylated NS5A rescued replication of a PFIS mutant. However, elevated PI4P levels were not sufficient for successful transcomplementation and no prerequisite for rescue of a replicon with mutations in the PFIS. Still, our results indicated that active HCV replication generated conditions capable of activating PI4KIIIa. Therefore, modulation of NS5A phosphorylation as well as of PI4P metabolism by PI4KIIIa seem to be intimately linked processes and might both be required for HCV replication. 
Discussion
PI4KIIIa has been identified by multiple studies as a key host factor of HCV RNA replication [17] [18] [19] [20] [21] [22] [23] . Previous results revealed first insights into the potential mechanism of action by showing that PI4KIIIa interacted with NS5A [11, 29, 59 ], activating lipid kinase activity and resulting in increased PI4P levels with altered distribution [11, 15, 29, 60] . In this study, we identified a region at the very C-terminus of NS5A D1 involved in PI4KIIIa binding (designated PBR). Within this region, we found a site encompassing 7-9 aa (PFIS) important for functional PI4KIIIa interaction. Importantly, mutations within the PFIS caused the same phenotypes observed upon silencing or chemical inhibition of PI4KIIIa: loss of RNA replication, changes in the morphology of the replication sites [11, 15, 18] and, surprisingly, increased NS5A p58/p56 ratios, suggesting that PI4KIIIa is involved in the regulation of NS5A phosphorylation.
The PFIS is a highly conserved sequence at the Cterminus of NS5A D1
Our initial deletion analysis identified aa 187-213 of NS5A to be involved in PI4KIIIa binding (PBR), which could be narrowed down to a sequence of 7-9 aa (PFIS) crucial for PI4KIIIa interaction (Fig. 10A) . The PFIS encompasses the very C-terminus of NS5A D1 (aa 202-210) and is highly conserved among all HCV genotypes, in line with the essential function of PI4KIIIa in HCV replication and with previous mapping studies [11, 61] . No function has been assigned yet to this region [4] and, unfortunately, this motif is not included in published crystal structures of NS5A D1 [33, 62] . However, a very recent study suggests that the PFIS partially overlaps with a region adopting an a-helical structure, which might be induced upon interaction with other proteins [63] . It also seems likely that the interaction of NS5A with PI4KIIIa is not restricted to the PFIS since almost all mutations in the PBR affected binding to PI4KIIIa to various extents and NS5A lacking the entire PBR or even D1 retained some PI4KIIIa binding (Fig. 1, DS3 and DD1) . Our results furthermore strongly indicate that the interaction with NS5B is also essential for functional PI4KIIIa interaction, since expression of an NS3 to NS5A polyprotein was not capable of activating PI4KIIIa. Still, according to our data, the PFIS is important for PI4KIIIa binding and indispensable for the activation of the lipid kinase activity. All triple alanine mutations in this region had almost identical phenotypes, very similar to PI4KIIIa knockdown (Table 1) , correlated with a strong impairment in PI4KIIIa binding and blocked HCV replication. This correlation argued for a replication defect mediated by interference with functional NS5A-PI4KIIIa interaction, which was furthermore supported by the partial rescue of RNA replication of PFIS mutant PPH upon PI4KIIIa overexpression, probably compensating the reduced binding efficiency. Replication defects of other PFIS mutants (MLT, TDP and HIT) were not compensated by PI4KIIIa overexpression, suggesting that the functional interaction of these NS5A mutants with PI4KIIIa was more severely impaired as for mutant PPH. Indeed, the PPH mutant was slightly less impaired in PI4P induction (Fig. 4C) , induced MW clusters in a lower number of cells ( Fig. 4B ) and had a slightly reduced p58/p56 ratio (Fig. 6 ) compared to the other replication dead PFIS mutants. Alternatively, mutants MLT, TDP and HIT could require higher PI4KIIIa expression levels to compensate the functional interaction defects, which cannot be achieved by our lentiviral transduction system. We furthermore cannot rule out that mutations in the highly conserved PFIS motif might affect other important functions of NS5A independent from PI4KIIIa, like RNA binding, dimerization etc. and therefore cannot be rescued solely by PI4KIIIa overexpression.
M202A and T210A conferred intermediate phenotypes to the adjacent triple alanine mutants (RSM and TAE, respectively, Table 1 ) and therefore seem important, however not essential for the NS5A-PI4KIIIa interaction. Other mutations outside the PFIS were less consistent in their phenotypes by interfering with PI4KIIIa binding and PI4P synthesis only slightly, but not affecting RNA replication or p58/p56 ratios (e.g. mutants CEP, PEP and PDA; Table 1 ). This limited correlation argues for a complex interaction and suggests some functional flexibility until the defects fall below a threshold, as in case of the PFIS mutants. This flexibility was also indicated by the lack of strong phenotypes in case of the single mutants within the PFIS, despite the high degree of conservation at these positions (T204A and T210A, Fig.  S7, Fig. 10A ). Interestingly, alterations of D205 have even been identified as replication enhancing adaptive mutations in Con1 [46, 52] , although this residue is invariant in natural isolates.
Possible mechanisms governing NS5A phosphorylation by PI4KIIIa
The most striking and surprising phenotype observed for the PFIS mutants was the increase in p58/p56 ratios. Impairment of hyperphosphorylation is a much more common phenotype, which has been described upon sole expression of NS5A [38, 39, 50] , drug treatment [43, 53, 64] and for many mutants [46, 48, 50] . Loss of hyperphosphorylation is often associated with abrogation of replication by general disturbance of the NS5A structure, as observed for mutations in the N-terminal amphipathic helix [31, 65] or in NS3, 4A and 4B [37, 38, 66] . To our knowledge, triple alanine mutants of the PFIS are the first NS5A variants reported with increased p58 levels as compared to wt NS5A. This phenotype strongly argues against a general impairment of NS5A structure of the PFIS mutants and for a specific effect mediated by PI4KIIIa. Importantly, the same phenotype was observed upon knockdown of PI4KIIIa, whereas overexpression of an active PI4KIIIa resulted in a reduced p58/p56 ratio. Collectively, these data clearly point to a specific regulation of NS5A phosphorylation by PI4KIIIa in a way favoring p56 synthesis or suppressing hyperphosphorylation, congruent with the essential role of PI4KIIIa in HCV RNA replication. Several mechanisms could be envisaged mediating this phenotype.
First, NS5A phosphorylation might be altered upon changes in the lipid environment of the viral replication sites induced by the activation of PI4KIIIa, thereby sequestering p56 and preventing p58 synthesis. This scenario seems rather unlikely, since the majority of viral nonstructural proteins (.95%) is not shielded by the MW, as judged by the accessibility to proteases [7, 8] . In addition, p58 synthesis starts immediately after polyprotein processing and is completed within 20-60 minutes [40, 67] , which might not be compatible with the time lines required for sequestration in membrane rearrangements. However, a concise analysis of the kinetics of p56 and p58 synthesis of different virus isolates in presence and absence of PI4KIIIa will be required to shed light on this important issue. It will also be very interesting to analyze whether p58/p56 ratios differ in total cellular lysates versus protease resistant fractions for wildtype and PFIS mutants, although these experiments are technically challenging due to the low amounts of protease resistant nonstructural proteins.
Second, enhanced PI4P levels might recruit kinases or phosphatases involved in the regulation of p58/p56 ratios. Up to now only a few proteins have been found to specifically bind PI4P (reviewed in [16] ), which might be involved in the recruitment of enzymes modulating NS5A phosphorylation. Among those, oxysterol-binding protein 1 (OSBP) and ceramide transfer protein (CERT) have already been shown to be involved in the secretion of virions [68, 69] . However, recent proteomic data on the composition of the HCV replication sites neither identified significant accumulations of any of these proteins nor kinases or phosphatases which might be involved in regulation of NS5A phosphorylation [70] . Still, a more comprehensive proteomic study involving conditions of PI4KIIIa knockdown might help to identify host factors involved in NS5A phosphorylation recruited by PI4P or by PI4KIIIa.
Third, PI4KIIIa might shield NS5A from interaction with kinases such as CKIa or Plk1 [44, 45] , thereby preventing hyperphosphorylation. Interestingly, the PFIS motif (aa 202-210) identified in our study to be essential for PI4KIIIa interaction is adjacent to the serine cluster critical for p58 synthesis (aa 222-235). Therefore, binding of PI4KIIIa to the PFIS might passively prevent the access of enzymes promoting hyperphosphorylation and/or block the phosphorylation sites, thereby favoring p56 synthesis. However, this hypothesis is not in line with the requirement for PI4KIIIa enzymatic activity to reduce p58/p56 ratios in case of JFH-1 and Con1 wt.
Fourth, PI4KIIIa might directly phosphorylate NS5A, thereby blocking the interaction with CKIa/Plk1 and preventing hyperphosphorylation. Although no protein kinase activity has been demonstrated for PI4KIIIa yet, the closely related isoform PI4KIIIb has been shown to autophosphorylate in vitro, thereby inhibiting lipid kinase activity [71] . A more distinctly related class of PI kinases, phosphoinositide 3-kinases (PI3K), also contain lipid kinase as well as protein kinase activities, which are both essential for their function [72, 73] , and share structural similarities to protein kinases [74] . Interestingly, phosphatidylinositol 3-kinaserelated kinases (PIKKs) like mTOR comprise a related family of Ser/Thr kinases without lipid kinase activity [75] . All PI3Ks, PIKKs, PI4KIIIa and PI4KIIIb are sensitive to wortmannin [13, 76] , arguing for some structural relatedness in the active center and leaving the possibility that PI4KIIIa might give rise to protein phosphorylation as well. Preliminary data using PI4KIIIa from commercial sources (Invitrogen, Millipore) and proteins purified by ourselves indeed revealed some protein kinase activity in vitro (D. Radujkovic, V. Lohmann, unpublished data), but these preparations were not of sufficient purity to draw firm conclusions, as judged by the presence of contaminating protein kinase activity also in preparations of inactive kinase mutants. Therefore, a comprehensive analysis of PI4KIIIa protein kinase activity in vitro including inactive mutants and a thorough analysis of substrate requirements are needed to verify a direct role of PI4KIIIa in NS5A phosphorylation.
Impact of PI4KIIIa on NS5A stability
Several experimental results pointed to a role of PI4KIIIa in regulating the abundance of NS5A, irrespective of the phosphorylation state (Fig. 7) . First, AL-9 treatment generally and dose dependently enhanced the abundance of NS5A (Con1 and JFH-1). Second, overexpression of PI4KIIIa wt reproducibly reduced the abundance of NS5A (Con1), whereas an inactive PI4KIIIa mutant rather seemed to increase the apparent expression levels of NS5A. Third, NS5A PFIS mutants, devoid of functional PI4KIIIa interaction, seemed to be expressed to higher levels than the wildtype counterparts (preferentially Con1). These results indicate that active PI4KIIIa probably reduces the stability of NS5A, which might be important for the regulation of RNA replication. We have not yet analyzed, whether PI4KIIIa also affects the abundance of other nonstructural proteins, but this important question will be addressed in future experiments. However, it is currently unlikely that the impact of PI4KIIIa on NS5A stability/ abundance is the main role of this host factor in regulating HCV RNA synthesis, since this phenotype was less pronounced for JFH-1 NS5A (apart from AL-9 treatment) and not found at all upon silencing of PI4KIIIa. Still, a regulatory role of PI4KIIIa in the half-life and turnover of HCV nonstructural proteins and/or replication complexes is an interesting hypothesis, which needs to addressed in more detail in subsequent studies.
Regulation of PI4KIIIa lipid kinase activity
Previous studies have shown that NS5A was critically involved in the activation of PI4KIIIa [11, 29] , which was confirmed by the failure of the PFIS mutants to give rise to PI4P induction. Interestingly, an additional mutant (LPC), which was severely impaired in RNA replication, most likely by a mechanism independent of PI4KIIIa, failed to activate PI4KIIIa, suggesting that activation of PI4KIIIa might be disturbed by a number of pleiotropic mutations interfering with the overall integrity of NS5A. Our new data furthermore indicate that expression of NS5A or NS3-5A is not sufficient for PI4KIIIa activation (Fig. 8C) , suggesting that a complex of NS5A and NS5B is involved in the regulation of PI4KIIIa. This is in line with previous data identifying an interaction of PI4KIIIa with both viral proteins [11] , but in striking contrast to results showing PI4P induction and redistribution by the sole expression of NS5A [11, 29] . Here, we 35 used lentiviral transduction to reach physiological expression levels comparable to replicon cells, whereas former studies relied on T7-based expression [11] or tet-inducible expression in osteosarcoma cells [29] , giving rise to much higher protein abundance, which might explain this discrepancy. Although NS5A was shown to be sufficient for activation of PI4KIIIa in vitro [11, 29] , we found no evidence for a stronger activation of PI4KIIIa in vitro by simultaneous addition of NS5A and NS5B purified from E. coli (D. Radujkovic, V. Lohmann, unpublished data). This observation points to a complex regulation, probably depending on the phosphorylation state of NS5A or on the presence of additional host factors like protein kinase D, which activates the related PI4KIIIb by phosphorylation [77] . Indeed, protein kinases seem to be physically associated even with purified NS5A [47, 78] , which could be involved in the activation of PI4KIIIa. Anyhow, a thorough analysis in vitro and in cell culture will be required to unravel the intricate determinants of PI4KIIIa activation by HCV and the role of NS5A and NS5B in this process.
Enhanced global PI4P abundance is not essential for HCV RNA replication
Generally, little is known about the regulation of PI4KIIIa [13] , but virus-induced increases in PI4P levels are not unique to HCV [27] . Enteroviruses activate PI4KIIIb by a yet to be defined mechanism, generating a binding platform for the viral polymerase important for RNA replication [22] . In case of HCV, a more recent study indicates that HCV not only activates PI4KIIIa but also prevents transport of PI4P to the plasma membrane by an unknown mechanism and both mechanisms seem to contribute to the intracellular accumulation of PI4P [15] . However, our novel data suggest that the gross changes in PI4P levels are not essential for HCV RNA replication but might rather be a consequence of viral replication/protein expression. This assumption is based on the huge variations in PI4P levels observed in HCV positive cells, particularly since some of the mutants gave rise to significantly reduced PI4P levels but were not impaired in RNA replication at all (e.g. mutCEP and PDA, Table 1 ). Furthermore, the transcomplementation analysis revealed a number of cells with detectable rescue of HCV replication but lacking detectable alterations in intracellular PI4P levels and substantial colocalization of PI4P and NS5A (Fig. 9C, D) . Finally, elevated levels of PI4P alone were not capable of rescuing the defects of the PFIS mutants, as demonstrated by the lack of replication of Con1 repHIT in JFH-1 wt replicon cells, although this phenotype might be due to additional defects in NS5A caused by the HIT mutations. However, previous data demonstrated that only 20% of intracellular PI4P colocalized with NS5A [11] and that expression of the PI4P phosphatase Sac1 had only a limited impact on HCV replication [22, 24] . Collectively, these results argue against a distinct role of globally enhanced intracellular PI4P concentrations in viral RNA replication. We therefore speculate that activation of PI4KIIIa by HCV might be required to generate locally enhanced PI4P amounts at the site of replication, resulting in global disturbance of PI4P metabolism as a collateral effect. Alternatively, the new PI4P pools might be required at a later step of the viral replication cycle like assembly or release of virions, as suggested by involvement of PI4P binding proteins CERT and OSBP in HCV secretion [68, 69] . Enhancement of intracellular and depletion of plasma membrane PI4P pools might furthermore impact on signaling events and/or contribute to viral pathogenesis in vivo. However, these important questions can only be addressed in adequate animal models, which will hopefully be developed in the future.
Impact of PI4KIIIa on MW formation
Accumulating evidence suggests that PI4KIIIa is important for the generation of the MW. Silencing and inhibition of PI4KIIIa was associated with clustered web structures in IF [11, 15, 18] , which contained smaller DMVs and lacked MMVs [11] . These phenotypes have been attributed to reduced PI4P levels in absence of PI4KIIIa activity. Clustered distribution of NS5A in IF as well as more distinct accumulation of vesicles with smaller DMVs was also observed upon expression of the mutant NS3-5B proteins, confirming that these phenotypes are linked to PI4KIIIa. However, mutHIT, being devoid of PI4KIIIa activation, induced even smaller DMVs than silencing of PI4KIIIa, although PI4P levels were comparable and not significantly different for both conditions (Table 1 ). These data argue for PI4KIIIa-mediated mechanisms modulating the morphology of the HCV replication sites independent from PI4P and probably mediated by NS5A phosphorylation. Interestingly, a very recent study demonstrated that ectopic expression of NS5A induced the formation of vesicles containing several lipid bilayers and occasionally vesicles containing a pair of membranes morphologically identical to DMVs, whereas sole expression of NS3/4A, NS4B and NS5B generated only single membrane vesicles, emphasizing the role of NS5A as a key regulator of MW morphogenesis [79] . Importantly, expression of NS3-5A did not significantly induce PI4P synthesis in our study, but generated DMVs and some more tubular double membrane structures with an average diameter similar to NS3-5B wt [79] and larger than mutHIT or silencing of PI4KIIIa. It is therefore tempting to speculate that changes of NS5A phosphorylation rather than PI4P induced by PI4KIIIa are involved in modulation of the MW, since mutHIT also generated a stronger change in p58/p56 ratio than PI4KIIIa silencing (1.5 vs. 1.0 respectively, compared to 0.6 for wt). The small DMV size and the lack of MMVs observed upon silencing of PI4KIIIa and expression of mutHIT might therefore at least in part be due to higher p58/p56 ratios associated with these conditions (Table 1) , probably mediated by a host factor. Interestingly, hVAP-A, a cellular protein involved in vesicle trafficking and essential for HCV replication [80, 81] , has been shown to bind p56 and not p58 [49] and thereby represents a promising candidate factor for phosphorylation dependent regulation of MW morphology, particularly since hVAP-A is enriched in viral replication sites [81] . However, a more detailed ultrastructural and biochemical analysis of PI4P induction and NS5A phosphorylation will be required to further dissect the contribution of both factors to the composition of HCV-induced membrane alterations and to clarify the role of other cellular proteins.
Model of PI4KIIIa function in HCV RNA replication
Our novel finding of PI4KIIIa modulating NS5A phosphorylation adds an additional layer of complexity to the mechanism of action of this essential host factor of HCV RNA replication. However, we favor a model in which interaction of PI4KIIIa with NS5A p56 triggers a phosphorylation event preventing further hyperphosphorylation (Fig. 10B) . P56 or a distinct ratio of p58/ p56 is then involved in the morphogenesis of the MW, probably by recruiting a host factor like hVAP-A. In addition, p58/p56 ratios might also have a more direct impact on viral replication, e.g. by regulating RNA synthesis. Interaction of PI4KIIIa with NS5A in concerted action with NS5B furthermore activates the lipid kinase, resulting in increased intracellular PI4P levels. Activation of PI4KIIIa might again be supported by a host factor, e.g. a protein kinase, recruited by NS5A or NS5B. Locally increased PI4P levels might be involved in MW morphology as well, but our data argue against a vital role of globally increased PI4P concentrations. In contrast, we speculate that the activation of the lipid kinase is rather a consequence of the interaction with the viral proteins and might impact on viral pathogenesis.
Conclusively, our study provides important novel insights into the role of PI4KIIIa in HCV RNA replication. Still, we are far from a comprehensive view on the entire mechanism of action, in particular regarding the role of NS5B in its activation, the determinants of NS5A phosphorylation and further host factors involved. However, unraveling the complexities of HCV-PI4KIIIa interactions will be of central importance for our understanding of the viral replication machinery and might also help to shed light on the distinct cellular functions of PI4KIIIa, which are barely understood.
Materials and Methods
Cell lines
The Huh-7 cell clone Huh7-Lunet, highly permissive for HCV RNA replication [82] was used for electroporation assays. Huh7 cell lines bearing subgenomic replicons of either JFH-1 isolate [56] or adapted Con1 ET [7] have been described recently. Huh7-Lunet T7 cells [83] were used for transient expression of plasmids coding for HCV proteins analyzed in immunofluorescence and immunoprecipitation assays. Huh7-Lunet cells served for the generation of cell lines stably overexpressing HCV proteins. Following cell lines have been created by lentiviral transduction as described elsewhere [83] using lentiviral pWPI plasmid vectors under selection of blasticidin or zeocin: Huh7-Lunet NS3-5A-JFH1, Huh7-Lunet NS3-5A-Con1ET, Huh7-Lunet NS5A-JFH1 and Huh7-Lunet NS5A-Con1ET were used in transcomplementation assays. Huh7-Lunet T7 cells stably overexpressing either wildtype PI4KIIIa or inactive D1957A mutant were established by lentiviral transduction using pWPI-HA-PI4KIIIa or pWPI-HAPI4KIIIaD1957A, respectively [11] . Cells with stable knockdown of PI4KIIIa (shPI4KIIIa) or non-targeting control cells (shNT) were prepared according to a recently published protocol [84] . The shRNA targeting sequences were 59-CAG TGG AAG GAC AAC GTG-39 (PI4KIIIa) and 59-TCT CGC TTG GGC GAG AGT AAG-39 (NT). Huh7-Lunet T7 cells with stable PI4KIIIa knockdown expressing an shRNA escape variant of PI4KIIIa (si+esc) have been generated by lentiviral transduction using pWPI HA-PI4KIIIa-shEsc.
Plasmid constructs
The lentiviral vector pWPI-BLR [83] has been used for cloning of following plasmids for the generation of stable cell lines under blasticidin selection: pWPI-NS3-5AJFH1, pWPI-NS5AJFH1, pWPI-NS3-5ACon1ET and pWPI-NS5ACon1ET. The gene encoding the .230 kDa full-length PI4KIIIa isoform 2 was originally obtained from Kazusa DNA Research Institute, Chiba, Japan (product ID FXC00322, corresponding to GenBank accession number AB384703, numberings refer to this GeneBank ID). For construction of pWPI-PI4KIIIa-shEsc, a synthetic gene fragment was obtained from GeneArt (Regensburg, Germany), which comprised the region targeted by the different shRNAs and exhibited silent mutations in shRNA-targeting sequences. The silent escape mutations were based on the following nucleotide exchanges: g4644a, g4650a, c4653t, c4656t, g4659c, g5085a, c5088t, c5091a, c5097t, c4437g, t4441a, c4442g, t4443c, g4446a, a4449g, c4452g. Detailed cloning protocols for lentiviral constructs can be obtained upon request.
All amino acid and nucleotide numbers refer to the position of the corresponding amino acid in the complete HCV genomes or in the NS5A protein of JFH1 and Con1 (GenBank accession no. AB047639 and AJ238799, respectively). PTM vectors allowing expression of the HCV nonstructural proteins NS3 to 5B or individual HCV NS proteins as well as the HA-tagged PI4KIIIa have been described recently [11, 83] . PTMNS3-5B served as vector plasmid for internal NS5A deletions as well as for triple alanine NS5A mutations. PTMNS3-5B/NS5ADD1 was described recently [83] . Following subdeletions of NS5A within the context of the polyprotein were generated by three-fragment ligation by using the BstXI/SpeI digested PCR fragments and vector fragments obtained by restriction with BstXI and SpeI or SpeI and RsrII. Overlap-PCR were performed using primers F_MfeI and R_RsrII_JFH as well as primers indicated in table S1 spanning the crossover sites. PTM NS3-5B/5ADS1 contains an in frame deletion of aa2002-2068 established by overlap-PCR using primers F_del5AD1a and R_del5AD1a. PTM NS3-5B/5ADS2 contains an in frame deletion of aa2069-2126 established by overlap-PCR primers F_del5AD1b and R_del5AD1b. PTM NS3-5B/5ADS3 contains an in frame deletion of aa2127-2190 within NS5A domain I established by overlap-PCR using primers F_BssHII and R_SacI as well as the primers F2_Del_alles_small and R124_Del_alles spanning the crossover site. Plasmid was generated by three-fragment ligation by using the BssHII/SacI digested PCR fragment and vector fragments obtained by restriction with BssHII and SpeI or SpeI and SacI. Further subdeletions DS3A (Daa2127-2162), DS3B (Daa2163-2175) and DS3C (Daa2176-2189) were established by overlap-PCR using the primers F_BssHII and R_SacI as well as the primers for the according single crossover sites which can be found in table S1. Plasmids were generated by three-fragment ligation by using the BstXI/RsrII digested PCR fragment and vector fragments obtained by restriction with BstXI and SpeI or SpeI and RsrII. Triple alanine mutants pTMNS3-5B/NS5AmutXXX (XXX refers to SQL, LPC, CEP, PEP, PDA, ADV, VLR, RSM, MLT, TDP, PPH, HIT, TAE, ETA) as well as pTMNS3-5B containing single amino acids substitutions in NS5A (S201A, T204A, T210A and T213A) were created by overlap-PCR using the primers F_BssHII and R_SacI as well as the primers for the according single crossover sites which can be found in table S1. Plasmids were generated by three-fragment ligation by using the BssHII/SacI digested PCR fragment and vector fragments obtained by restriction with BssHII and SpeI or SpeI and SacI. According plasmid constructs of genotype 1b (Con1 or Con1ET) containing the triple alanine mutation mutHIT have been created as well by overlap-PCR and fragment substitutions: pTMNS3-5B/ NS5AmutHIT Con1/Con1ET were created by overlap-PCR using the primers S/1B/6803 and A/1B/7263 as well as the primers for the according single crossover sites which can be found in table S1. Plasmids were generated by fragment ligation by using the EcoRI/XhoI digested PCR fragment and vector fragment (either from pTMNS3-5B Con1 or Con1ET, respectively) obtained by restriction with EcoRI and XhoI.
Subgenomic reporter replicons have been have been described elsewhere: the monocistronic genotype 2a (JFH-1) reporter pFKI 389 -Lucubi-NS3-39/JFH1wt_dg [85] ; the bicistronic adapted genotype 1b (Con1ET) reporter pFKI 341 -Luc-EI/NS3-39/Con1-ET_dg [52] ; the luciferase reporter replicon of genotype 2a with an additional eGFP insertion in NS5A domain III pFKI 389 -Luc-NS3-39/dg/JFH1-5A-eGFP [58] . Triple alanine mutations within pFKI 389 -Lucubi-NS3-39/JFH1mutXXX_dg monocistronic replicons were created by replacing the NsiI/HindIII fragment of pFKI 389 -Lucubi-NS3-39/JFH1wt_dg with the NsiI/HindIII fragment of the according pTMNS3-5B/NS5AmutXXX plasmid. PFKI 341 -PILuc-NS3-39ET/NS5AmutHIT_dg bicistronic replicon was created by replacing the MluI/XhoI fragment of PFKI 341 -PILuc-NS3-39ET_dg with the MluI/XhoI fragment of the pTMNS3-5B/NS5AmutHIT Con1ET plasmid. The triple alanine mutation mutHIT within the reporter replicon pFKI 389 -Luc-NS3-39/dg/JFH1-NS5AmutHIT-eGFP containing an eGFP insertion in NS5A domain III was cloned by three fragment ligation by using the AgeI/SacI vector fragment of pFKI 389 -Luc-NS3-39/dg/ JFH1-5A-eGFP and fragments obtained from AgeI/NsiI cleavage of pFKI 389 -Luc-NS3-39/dg/JFH1-5A-eGFP or NsiI/SacI cleavage of pTMNS3-5B. All PCR-derived sequences were confirmed by sequencing (GATC, Konstanz, Germany).
Transient HCV replication and trans-complementation assay
Transient HCV RNA replication assays were performed as described previously [86] . In brief, replicon encoding plasmid DNA harboring hepatitis delta virus ribozymes were restricted with MluI (JFH1) or Spe I (Con1) prior to in vitro transcription. Ten mg of run-off transcripts were used for electroporation of 4610 6 Huh7-Lunet cells or Huh7-Lunet cells overexpressing PI4KIIIa, that were resuspended in 12 ml culture. Two ml aliquots were seeded per well of a 6-well plate and replication was determined by measuring luciferase activity in case of genomes containing the luciferase reporter gene at 4 h, 24 h, 48 h and 72 h post electroporation. Since luciferase activity measurable 4 h post transfection is derived from transfected input RNA, these values were used to normalize for transfection efficiency. For transcomplementation assays, Huh7-Lunet cells containing a stably selected subgenomic replicon or stably overexpressing NS3 to 5B or NS5A were transfected with 10 mg of replicon RNA that contain a luciferase reporter gene and are derived from pFKI plasmid DNA. Electroporated cells were seeded as described above and values obtained 4 h post electroporation were used to determine the transfection efficiency.
To assess replication efficiency of different replicon constructs by direct measurement of viral RNA, 0.25 mg of replicon RNA was electroporated into Huh7-Lunet cells and HCV RNA was quantified by RT-PCR as described recently [87] .In brief, viral RNA was isolated from transfected cells using the Nucleo Spin RNAII kit (Macherey-Nagel, Düren, Germany) as recommended by the manufacturer. 200 ng of RNA sample was used for quantitative RT-PCR analysis using an ABI PRISM 7000 sequence detector system (Applied Biosystems, Foster City, CA). HCV-specific RT-PCRs were conducted in triplicates with the One Step RT-PCR kit (QIAGEN, Hilden, Germany) using the following JFH1-specific probe (TIB Molbiol, Berlin, Germany) and primers (MWG-Biotech, Martinsried, Germany): A-195, 59-6-carboxyfluorescein-AAA GGA CCC AGT CTT CCC GGC AAT T-tetrachloro-6-carboxyfluorescein-39; S-146, 59-TCT GCG GAA CCG GTG AGT A-39; and A-219, 59-GGG CAT AGA GTG GGT TTA TCC A-39. The amount of HCV RNA was calculated by comparison to serially diluted in vitro transcripts.
Immunofluorescence analysis and PI4P quantitation
For overexpression of HCV proteins, Huh7-Lunet T7 cells were transfected with Effectene (Qiagen, Hilden Germany) transfection reagent according to manufacturer's instructions and fixed 24 h post-transfection. HCV replicons were transfected by electroporation into Huh7-Lunet cells and fixed after 48 hours. Immunofluorescence protocol was performed as described elsewhere [11] . In brief: Cells were fixed in 4% PFA for 20 min and permeabilized with 50 mg/ml Digitonin for another 15 min. Primary antibodies were incubated in 3% BSA for 1 h at RT. NS5A was detected by using either NS5A-specific monoclonal mouse antibody (9E10, generous gift from Charles M Rice) with a final concentration of 3 mg/ml or using a polyclonal NS5A rabbit antiserum (#4952, [83] ) at a dilution of 1:300. NS3, NS4B and NS5B were detected by polyclonal antisera previously described [83] . PI4P was stained using monoclonal mouse IgM anti-P4P antibody (Echelon, Z-P004) with a final concentration of 5 mg/ml. eGFP signals were enhanced by a polyclonal rabbit anti-GFP antibody (Abcam, ab290) with a dilution of 1:200. Alexa 488 or 546 conjugated secondary antibodies (Invitrogen, Molecular Probes) were incubated in 3% BSA for 45 min at RT with a dilution of 1:1000. Nuclei were stained using DAPI for 1 min. at a dilution of 1:4000. Cells were mounted with Fluoromount G (Southern Biotechnology Associates, Birmingham, USA) and pictures were acquired with a Nikon C1Si spectral imaging confocal laser scanning system on a Nikon Ti fully automated inverted microscope equipped with 606 objective. For PI4P quantitation, a 406 objective was used and z projections of confocal z stacks were generated with the ''sum slices'' option of ImageJ. After thresholding of the signal intensity of PI4P staining, PI4P amount of 35 different cells was determined by defining cell areas and taking the IntDen-value obtained with the ''analyze particles'' functions of Image J. Quantitation of membranous web phenotypes was based on a qualitative visual judgment of 350 randomly chosen NS5A positive cells, which were either assigned to the wt or cluster phenotype, based on the representative images shown in Fig. 4A . The percentage relies on the relative number of cells grouped into the wt or cluster phenotype for each construct. . After polymerization at 60uC for 2 days coverslips were removed and the embedded cell monolayers were sectioned using a Leica Ultracut UCT microtome and a diamond knife. Sections with a thickness of 65 nm were counter-stained with 3% uranyl acetate in 70% methanol for 5 min and 2% lead citrate in H 2 O for 2 min, and examined with the transmission electron microscope Philips CM120 TEM (Biotwin, 120 kV).
Electron microscopy
Metabolic radiolabeling of proteins, AL-9 treatment, immunoprecipitation and Western blotting
For metabolic labeling a total of 4610 5 Huh7-Lunet cells constitutively expressing the T7 RNA-polymerase (Huh7-Lunet T7) were seeded in each well of a 6-well cell culture plate in complete DMEM. One day later, cells were transfected with pTM vectors [88] allowing protein expression under transcriptional control of the T7 promoter. 2 mg of pTM vectors supporting expression of the HCV nonstructural proteins NS3 to NS5B with deletions of NS5A subdomains or mutations within NS5A were cotransfected with 2 mg of either pTM HA-PI4KIIIa or an empty pTM vector (mock) by using Lipofectamine2000 (Invitrogen) according to the instructions of the manufacturer. After 7 h, cells were washed with methionine/cysteine-free medium and incubated in this medium for 1 h. For radiolabeling cells were incubated for 16 h in 1 ml methionine/cysteine-free medium, supplemented with 10 mM glutamine, 10 mM Hepes, and 100 mCi/ml of Express Protein labeling mix (Perkin Elmer, Boston). In assays using AL-9 (generous gift from R. De Francesco, P. Neddermann and F. Peri, Milan, Italy), the drug was diluted in DMSO to indicated concentrations and supplemented to the methionine/ cysteine-free medium and incubated overnight. Cells were lysed by incubation of the cell pellets in NPB (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, protease inhibitors) for 1 h on ice. Lysates were cleared by centrifugation at 14,000 g for 10 min at 4uC and used for immunoprecipitation with antibodies of the following specificities: NS5A of genotype 1a (H77) cross-reacting with Con1 and JFH-1 (sheep polyclonal, a generous gift of M. Harris, Leeds university, U.K.) (Macdonald et al., 2003); 7 mg of anti-HA tag (mouse H3663, Sigma). After 3 h incubation at 4uC immunocomplexes were captured by using protein-G-sepharose beads (Sigma) for an additional 3 h incubation at 4uC. Where indicated, complexes were treated after washing in buffer 3 (NEB) with 1 U CIP (NEB, #M0290S) for 1 h at 30uC. Immunocomplexes were dissolved in protein sample buffer, separated by 10% polyacrylamide-SDS gel electrophoresis and detected by autoradiography. Proteins were quantified by phosphoimaging using the Quantity One software (Bio-Rad, Munich). HA-PI4KIIIa binding to NS5A was determined by normalizing the amount of HA-PI4KIIIa co-precipitating with NS5A to the total amount of HA-PI4KIIIa determined by direct IP using anti-HA antibodies. This option was chosen since quantitation of total PI4KIIIa input levels by western blot was not reproducible due to variable and inconsistent transfer rates of the 240 kDa PI4KIIIa band. Data were furthermore not normalized to input NS5A levels due to a consistent 20-100fold molar excess of NS5A compared to HA-PI4KIIIa (data not shown).
For western blotting 1/10 cells of a T25 cell culture flask were denatured and heated in 26 Laemmli-buffer and loaded onto an 8% polyacrylamide-SDS gel. After separation and transfer to a PVDF membrane, immunoblotting was performed detecting NS5A using a monoclonal mouse antibody (9E10) at a concentration of 0.1 mg/ml and b-actin with a monoclonal mouse antibody (Sigma, A5441) and a dilution of 0.5 mg/ml. LI-COR secondary antibodies conjugated to IRDye were used 1:10000. Bound antibodies were detected with the LI-COR Infrared Imaging System.
Statistical analyses
General statistical analyses as indicated in the corresponding figures were performed using Microsoft Excel software. Correlations of experimental data were obtained by linear regression analysis using GraphPad Prism software. Significance of differences in DMV sizes was measured by a paired t-test and is indicated ***, p,0.001. F: Proteins were radiolabeled 48 h after transfection and cell lysates were subjected to immunoprecipitation using NS5A-specific antibodies. Samples were analyzed by SDS-PAGE and autoradiography. (TIF) Figure S4 Phosphatase treatment of triple alanine mutants. Huh7-Lunet T7 cells were transfected with plasmids encoding the NS3 to NS5B polyprotein of genotype 2a (JFH-1) containing a wt sequence or triple alanine mutations as indicated or with empty plasmid (mock). Newly synthesized proteins were radiolabeled and cell lysates subjected to immunoprecipitations using NS5A-specific antibodies. After immunoprecipation samples were treated with calf intestine phosphatase (CIP) or mock treated as indicated and analyzed by SDS-PAGE and autoradiography. (TIF) Figure S5 Specific inhibition of PI4KIIIa activity by AL-9 does not affect NS5A-PI4KIIIa binding. A: Huh7-Lunet T7 cells were transfected with plasmids encoding the NS3 to NS5B polyprotein of genotype 2a (JFH-1) and HA-tagged PI4KIIIa (PI4KIIIa). Starting at 7 h post transfection, cells were incubated with 5 mM of AL-9 or DMSO. Newly synthesized proteins were radiolabeled and cell lysates subjected to immunoprecipitation using NS5A or HA-specific antibodies. B: Quantitative analysis of PI4KIIIa pull-down efficiency. Experiments as shown in panel A were quantified by phosphoimaging. Coprecipitation efficiency was normalized to the total amounts of HA-PI4KIIIa and calculated relative to PI4KIIIa pull-down by NS5A. Error bars indicate mean values +/2 SD of two independent experiments analyzed in duplicates. (TIF) Figure S6 PI4KIIIa overexpression modulates phosphorylation of NS5A mutants. A: Huh7-Lunet T7 cells were cotransfected with plasmids encoding the NS3 to NS5B polyprotein of genotype 2a (JFH-1) containing triple alanine mutations in NS5A domain I as indicated and HA-tagged PI4KIIIa (HA-PI4K). Newly synthesized proteins were radiolabeled and cell lysates subjected to immunoprecipitations using NS5A-specific antibodies. Samples were analyzed by 10% SDS-PAGE and autoradiography. B: Quantitative analysis of the NS5A p58/p56 ratio. Bands corresponding to NS5A p58 and p56, respectively, as shown in panel A were individually quantified by phosphoimaging to obtain a p58/p56 ratio. Error bars indicate mean values +/2 SD of two independent experiments analyzed in duplicates. Significances were compared to the wt polyprotein and calculated by paired t-tests.*, p,0.05; **, p,0.01; ***, p,0.001. n.d. not determined due to insufficient resolution of p56 and p58. (TIF) Figure S7 Analysis of potential NS5A phosphorylation sites within the PI4KIIIa binding motif. A: Scheme depicting possible NS5A phosphorylation sites within the PI4-KIIIa binding motif that were individually mutated to alanine within the context of subgenomic replicons or NS3 to NS5B polyprotein expression plasmids (pTM). Numbers refer to amino acids of NS5A of the JFH-1 isolate. For details refer to figure 1A . B. Huh7-Lunet cells were transfected with luciferase reporter replicons containing wt or mutant sequences as indicated. RNA replication of replicons was determined by measuring luciferase activity in cell lysates at 24 h, 48 h and 72 h post transfection relative to 4 h to normalize for transfection efficiency. Diagrams show mean values +/2 SD from three independent experiments. C. Huh7-Lunet T7 cells were transfected with plasmids encoding the NS3 to NS5B polyprotein of genotype 2a (JFH-1) containing a wt sequence or the indicated point mutants or with empty vector (mock). Cells were fixed 24 h post transfection and subjected to immunofluorescence analysis using PI4P and NS5A specific antibodies. PI4P fluorescence intensity was quantified in NS5A positive cells or randomly chosen cells (mock) by ImageJ analysis. PI4P levels were normalized to non-transfected cells (mock, grey bar). Data represent mean values +/2 SEM of thirty analyzed cells per condition. **, p,0.01. D. Huh7-Lunet T7 cells were transfected with the same set of plasmids as in panel C. Newly synthesized proteins were radiolabeled and cell lysates subjected to immunoprecipitation using NS5A (lower panel) or HA-specific antibodies (upper panel). Samples were analyzed by SDS-PAGE and autoradiography. The ratio between p58 NS5A and p56 NS5A was obtained by quantitative analysis of scanned autoradiographs. Data represent mean +/2 SD from two independent experiments. E: Huh7-Lunet T7 cells were cotransfected with plasmids encoding HA-tagged PI4KIIIa (HA-PI4K) and the NS3 to NS5B polyprotein of genotype 2a (JFH-1) containing either the wt sequence of NS5A, the triple alanine mutation mutHIT or the phospho-mimetic mutation T210E in the context of either wt NS5A (mutHIE) or of the triple alanine mutant mutHIT (mutAAE). Newly synthesized proteins were radiolabeled and cell lysates subjected to immunoprecipitation using NS5A (lower panel) or HA-specific antibodies (upper panel). Samples were analyzed by SDS-PAGE and autoradiography. F: Quantitative analysis of PI4KIIIa pull-down efficiency. Experiments as shown in panel E were quantified by phosphoimaging. Coprecipitation efficiency was normalized to the total amounts of HA-PI4KIIIa and calculated relative to HA-PI4KIIIa pull-down by NS5A wt. G: Luciferase reporter replicons as depicted in Fig. 3A 
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